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Kinetic Theory Model

- Continuity Equation for Phase k
o(pr )
ot

+V-(pk5kvk) =m,

- Momentum Equation for Phase k
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(p%zk k)+V-(pk5kvkvk)=gkpkg+V-[rk]+Z,6'(vl—vk)+mkvk
/

acceleration of phase ‘k> = buoyancy + stress + drag force + phase change

- Constitutive Equation for Stress (Above Min. Fluidization)
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« Solid Phase Stress

- Solid-phase Pressure
P, = ps0ll+2(1+e)g,&,]
kinetic collision

- Solid—phase Bulk Viscosity

A = —g 2p.d.g (1+ e)\/i

- Solid-phase Shear Viscosity

2
L, = M [1+ (1+e)g e é}+ &pd g0(1+e)\/7
(l+e)g0

- Radial distribution function - Solid-phase dilute viscosity
[Bagnold(1954)]
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- Fluctuating Energy Equation (8= % <C’>)

3| 0 =
2|:a[ (ESpSH)+V-(£S@VS9):| =Ts :Vvs _q_ys +IBA < Cg ) Cp >_3IBA0

- Collisional Energy Dissipation

Vs = 3(1 a %fpsgoﬁ[z\/z—va

- Conductivity of Fluctuating Energy (¢ =-xV0)
2 6
K= l:1+_(1+e)gog :l Kdzl -|—28 IOs go(1+e)\/7
(1+e)g0 5

-Dilute Phase (Eddy Type) Granular Conductivity
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» Gas-Solid Drag Coefficients

- Based on Ergun equation, for ¢, <0.8

2
&
p=150— it g 7505
£,(d,9,) d,9,

Vv, =V,

- Based on single sphere drag, for ¢, > 0.8
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C,=—=2[1+0.15Re"*] for Re, <1000
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C,=0.44 for Re, >1000
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COMPUTED ENERGY SPECTRUM COMPARED
TO SINGLE PHASE TURBULENT FLOW
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NETL AND PSRI RISERS
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DISPERSION COEFFICIENTS

Due to particle oscillations, “laminar”

_ Granular Temperature

D, . =
Particles oscillations . e .
Friction Coefficients

RT 1

Avagadro number Friction Coefficient

Due to cluster or bubble, “turbulent”

For Brownian motion: [ =

’ ’ = Turbulent X  Characteristic
DTurbulent (a): % (a)\/ (a)TL KiIlCtiC energy Tlme

where, v'(a ' (a) Reynolds normal stress in x or y direction

© 7 ! 4
T, = V(i )V_(zt +1 )dt' Lagrangian integral time scale
v . . :
’ T, ~T, Eulerian 1ntegr§1 tlrpe scale gpprommately
equals Lagrangian integral time scale

Hinze, H. O., 1965. Turbulence. McGraw-Hill, New York.



Axial Gas Dispersion Coefficients

Axial gas dispersion coefficient [mz.‘sj

10 -
*
1 -
<]
Li and Weinstein, 1989
0.1 4 Wei et al., 2001
Kim and Namkung, 1998, 1999 —
0.01 - /
ElJiradilok et al., 2007 - Turbulentriserh=2.0m
gd Jiradilok et al., 2007 - Turbulent riserh =4.0 m
0.001 - ERJiradilok et al., 2007 - Turbulent riser h = 6.0 m
3 Ed This study -h=3.5m
fd This study-h=7.0m
El This study-h=10.5m
0.0001 T T T T
0 2 4 6 8 10

Gas velocity (m/s)



Radial Gas Dispersion Coefficients
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Axial Solids Dispersion (mz/sec)

Axial Solids Dispersion Coefficients
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Radial Solids Dispersion Coefficients

Radial Solids Dispersion (mz/sec)
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GRANULAR TEMPERATURE
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Comparison of laminar and turbulent granular temperatures

in lIT 2- D circulating fluidized bed and IIT riser

Granular Temperature, m?/s2

System Radial Position Laminar due to Turbulent due to
individual cluster
oscillations

2-D CFB, 75 ym Center 1.27 x 102 6.73 x 103
FCC particles

2-D CFB, 75 pm Right Wall 6.67 x 102 2.54 x 103
FCC particles

lIT Riser, 1093 ym Wall 9.48 x 102 2.61 x 102

Mixing is on the level of particles




GRANULAR TEMPERATURES

Granular Temperature (c1121/sec2)
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AXIAL SOLID DISPERSION COEFFICIENTS
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COMPUTATION OF SHERWOOD NUMBERS AND MASS 'ivois stV
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Ozone decomposition reaction =2
20, . > 30

3(g) 2(g)
Conservation of species equation in the code:

%(ggCi)+V.(5 Cv)=k e C

g il reaction = s i

A one dimensional approximation leads to:

dc,,
V. &

y 8 dY
where, “K” is the overall rate constant given by the additive
resistance concept as

=—-KC, &,

1 1 1
= +
K k av k

mass transfer reaction

Sherwood number, K psass ransfer 4 »
Sh =
D
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Particle cluster diameters (m)

Method Height (m) — -
Minimum Maximum Averaged
This study 3.5 0.0064 0.0232 0.0101
7.0 0.0040 0.0238 0.0095
10.5 0.0027 0.0150 0.0087
Averaged 0.0027" 0.0238° 0.0095
Harris's correlation 3.5 0.0033 0.0151 0.0092
7.0 0.0035 0.0149 0.0092
10.5 0.0034 0.0165 0.0099
Averaged 0.0033" 0.0165° 0.0095
Gu's correlation 3.5 0.0028 0.0154 0.0091
7.0 0.0030 0.0149 0.0089
10.5 0.0029 0.0175 0.0102
Averaged 0.0028* 0.0175° 0.0094 0
kReaction = 3.96 1/s
— — kReaction =39.60 1/s
E -5 1 - - - -kReaction =99.00 1/s
2 — - -kReaction = 198.00 1/s
g -0
o
? —
Q<15 N — —~
g 2 Nl T —
‘? S \\ ™~ \\“h"“\
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For PSR riser Challenge Problem 1, overall mass transfer coefficient, K = 30.81 s

(Chalermsinsuwan, B., P. Piumsomboon, and D. Gidaspow, “Kinetic theory based computation of PSRI riser- Part II:
Computation of mass transfer coefficient with chemical reaction”, Chemical Engineering Science, 64 (2009) 1212-

1222)
The mass transfer coefficient is calculated from equation:
1 1 1
- = +
K kmass transfer av kreaction
With d, =76x10° m
a, = (3x4n(particle radius?)) / (4n(particle radius?))
= 3/particle radius
= 3/(d,/2)

= 3/((76x10-6)/2) = 78947.37 m!
kreaction =39.60 5-1

Note that the overall resistance, 1/K, and the reaction resistance, 1/k,...:.n. are close
to each other. This implies that the mass transfer resistance is small.

Therefore, Knass transfer @y = 138.71 s  and
kmass transfer 0.0018 m/s
The Sherwood number is calculated from equation:

S h . kmass transfer d p

D
With D 2.88x10° m?/s

Therefore, Sh = 0.0046
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« Example: Simulation of PSRI riser with k__ i, = 39.6 s
1 20E-02 4 50E-03
Shcluster = Shparticle X (dclusterldparticle) -1 4 _ [}DE_[}S
1.00E-02 4
. Aouster =0-87t01.01cm L 3 50E-03
= d_. . =76mi
§ 8.00E-03 - . pariclo = T8 IETONS 1 3.00E-03 &~
= Sh .o = 131 x Sh S
= . + 2.50E-03 §
5 6.00E-03 - g
= N + 2.00E-03 %__
3
E 4 00E-03 - + 1.50E-03 &
w
-+ 1.00E-03
2 00E-03 -
— CFD computation [Chalemsinsuwan et al. (20087 <+ 5 0004
# Experiment [Kato et al. (1970]]
0.00E+00 I I I I I 0.00E+00
0 2 4 §] S 10 12
Riser height (m)
Apparent low mass transfer coefficients in PSRI riser with k _i,, = 39.6 s

For Sh = 0.0111, Sh =1.46

cluster



EFFECTIVE RATE CONSTANT

Effective rate constant (sec'1)
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We have shown that the kinetic theory based CFD codes correctly
compute:

(1) Dispersion coefficients

(2) Mass transfer coefficients

Hence, the kinetic theory based CFD codes can be used for fluidized
bed reactor design without any such inputs
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FUTUREGEN: COAL GASIFIER FUEL CELL SYSTEM
WITH CO, SEQUESTRATION
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200 Mesh coal
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with heat from fuel cell # 2

Water is reused

Advantages over Futuregen

* No Oxygen plant

*70% electrical efficiency




FUTUREGEN: IDEAL GASIFIER FUEL CELL WITH

CARBON FEED

Carbon

Steam H,0

co,
—

"
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ANODE
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Ct)leLTEN

3
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o7
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3
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co, Sequestration
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WAAMAAMA [ 720
Electricity v *
Alr
at Ambient
Temperature

600 - 800 °C

A

T

VWAAAAAA

BOILER




ILLINOIS INSTITUTEﬁV
OF TECHNOLOGY

Transforming Lives. Invenfing the Future,




